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We report on a new, orginal and eient method for "pi-staking" funtionalization of single wall
arbon nanotubes. This method is applied to the synthesis of a high-yield light-harvesting system
ombining single wall arbon nanotubes and porphyrin moleules. We developed a mielle swelling
tehnique that leads to ontrolled and stable omplexes presenting an eient energy transfer. We
demonstrate the key role of the organi solvent in the funtionalization mehanism. By swelling the
mielles, the solvent helps the non water soluble porphyrins to reah the mielle ore and allows a
strong enhanement of the interation between porphyrins and nanotubes. This tehnique opens
new avenues for the funtionalization of arbon nanostrutures.
Moleular engineering of funtionalized nano-materials
is the objet of intensive researh in onnetion to a wide
range of appliations [1℄. Suh omplexes aim at ombin-
ing the unique properties of nano-objets and the wide
tunability of organi moleules properties. Espeially,
omplexes presenting harge or energy transfer are inten-
sively investigated for biology [1, 2, 3℄ or optoeletronis
[4, 5, 6, 7℄ appliations. For instane, uoresene energy
transfer (FRET) has been used to monitor strutural re-
arrangements in proteins [2℄ or to enhane the exitation
transfer in dye-sensitized solar ells [4℄. In this ontext,
due to their unique transport properties and espeially
their large arrier mobility, single-wall arbon nanotubes
(SWNTs) are of partiular interest for use in organi pho-
tovoltaï devies [5, 8, 9, 10, 11, 12, 13℄.
Exitation transfer between "pi-staked" porphyrin
moleules and arbon nanotubes was demonstrated very
reently [14, 15℄. The main advantage of "pi-staking"
funtionalization is to hardly perturb the eletroni
struture of nanotubes (and therefore their optial and
transport properties). In ontrast, ovalent funtional-
ization is known to alter the mobility of arriers and to
quenh the nanotube luminesene [16℄. In the other
hand, "pi-staking" funtionalization performanes are
quite poor regarding the yield of funtionalization, the re-
produibility and the stability of the suspensions. These
diulties are due to the weakness of the interations
involved in "pi-staking" funtionalization and beome
problemati for saling up a ontrolled proess.
In this paper, we report on the synthesis of ontrolled
and stable SWNT/porphyrin omplexes in mielles show-
ing an eient energy transfer. The samples are ob-
tained from aqueous suspensions of individual nanotubes
in sodium holate mielles. Transmission eletron mi-
rosopy ombined with eletron energy loss spetrosopy
demonstrate the presene of porphyrin moleules in the
area of nanotubes. We investigate the funtionaliza-
tion proess by means of optial absorption spetrosopy
(OAS) of suspensions of various onentrations and sol-
vent/water volume ratios. We point out the ruial role
of the organi solvent that ats as a vetor for the in-
sertion of the porphyrin moleules into the mielle ore.
Finally, by means of photoluminesene exitation (PLE)
experiments, we demonstrate an eient energy transfer
from the exited porphyrin to the nanotube.
Results
STRUCTURAL CHARACTERIZATION
In a rst approah, the omposition of the
SWNT/TPP suspensions is investigated by TEM.
Figure 1 a) shows a typial area where we identify the
presene of individual nanotubes embedded in surfatant
moleules. Nanotubes are diult to distinguish sine
their ontrast is shrouded by the amorphous ontrast of
the surfatant moleules. However as pointed by the ar-
rows in gure 1 a), one an distinguish the presene of
straight lines with spaing lose to 1 nm whih is onsis-
tent with the nanotube ontrast [17℄.
Additional EELS measurements have been reorded on
the whole zone of gure 1 a). The orresponding spe-
trum is displayed on gure 1 b). An absorption edge lose
to 400 eV typial of the N-K edge is observed indiating
the presene of nitrogen. This element is never observed
2FIG. 1: TEM and EELS analysis, a) TEM images of typ-
ial grids prepared from the SWNT/TPP suspensions. The
arrows indiate single nanotubes embedded in surfatant. b)
EELS spetrum after subtration of the ontinuum bak-
ground, reorded on zone image a).
in pristine nanotube. Furthermore, the ne struture of
the absorption edge displays two features identied as a
pi∗ peak at 397 eV and a σ∗ peak at 400 eV. These features
are harateristi of nitrogen bonded to arbon atoms in
sp3 onguration, whih is the ase in the TPP moleule.
Sine no other omponent of the suspension is expeted
to ontain nitrogen, this band is interpreted as the sig-
nature of porphyrin moleules: porphyrin moleules are
present in the very lose area of the nanotubes.
OPTICAL PROPERTIES
Optial absorption
Figure 2 displays the OAS of the SWNT/TPP sus-
pension together with the OAS of a suspension of pure
SWNTs and a suspension of pure TPP, both in SC mi-
elles. The TPP suspension shows the so-alled Soret
band at 420 nm and the four weaker Q bands in the 500-
700 nm region. The OAS of SWNTs onsists in a group of
lines in the 1000 nm region orresponding to the so-alled
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FIG. 2: Optial absorption spetra of TPP moleules
(dashed line, resaled for larity), of a referene suspension
of SWNT (grey solid urve) and of SWNT/TPP omplexes
(blak solid urve) all of them embedded in mielles of sodium
holate in a pH 8 buer.
S11 (lowest) transitions in semi-onduting nanotubes.
Eah line in this group stems from a given (n,m) hi-
ral family. Additional lines near 600 nm and at smaller
wavelengths ome from S22 transitions superimposed to
the onset of M11 transitions in metalli nanotubes. The
bakground in OAS mainly stems from light sattering
and is substrated when analysing the line amplitudes.
The OAS of the SWNT/TPP suspension shows a band
at 438 nm with a shoulder at 420 nm. These lines are
attributed to the Soret absorption band of TPP enased
in mielles (at 420 nm, in agreement with the OAS of
pure TPP in mielles) and of TPP staked on nanotubes
(438 nm). This 18 nm red-shift of the Soret band when
porphyrin moleules are "pi-staked" on nanotubes is on-
sistent with previous observations [14, 18℄ and is related
to a onformation hange of TPP moleules. The pres-
ene of these two bands shows that the suspension on-
tains both pure TPP moleules enased in mielles and
TPP staked on nanotubes in mielles. The absorption
features around 1000 nm are onsistent with S11 absorp-
tion lines in semi-onduting nanotubes. We note how-
ever a 7 nm red-shift ompared to the referene SWNT
suspension. This bathohromi shift is due to the pres-
ene of TPP lose to the nanotubes and to the resulting
interation.
Control of the funtionalization
In ontrast with previous reports on SWNT/TPP
staking, the key of our work is to provide a reliable
method to produe samples of ontrolled and repro-
duible quality. The ontrol of the proess is investigated
3by studying the funtionalization yield as a funtion of
amount of TPP. Figure 3 shows the OAS of suspensions
made from the same referene SWNT suspension mixed
with a xed volume of DCM (2.5 mL of SWNT suspen-
sion with 0.85 mL of DCM: volume ratio 34%, see below)
ontaining a quantity of TPP ranging from 0.04 µmol up
to 0.28 µmol. The four urves are arbitrary shifted (bak-
ground orretion) in order to math at 490 nm and to
failitate the omparison of the peak amplitudes. For
low TPP onentrations (light grey and grey urves), the
band at 438 nm (staked TPP) is higher than the one at
420 nm (free TPP). The two bands have the same inten-
sity for a TPP quantity of 0.14 µmol (dark grey urve).
For a larger amount of TPP, the band at 420 nm beomes
predominant. The amplitude of eah band as a funtion
of TPP onentration are plotted in the inset of gure 3.
The free TPP band (420 nm) grows regularly with the
initial TPP onentration whereas the amplitude of the
staked TPP band reahes a plateau above 0.14 µmol.
These results are interpreted as follows. At low
TPP onentration, TPP moleules are preferentially "pi-
staked" on SWNTs rather than enased alone in mi-
elles, therefore the amplitude of the 438 nm band is
higher than the one at 420 nm. For an amount of TPP
larger than 0.14 µmol, no more porphyrin an stak onto
nanotubes and TPP moleules mostly aggregate in mi-
elles due to the exess of SC: the amplitude of the
438 nm band saturates while the one at 420 nm grows
regularly with the TPP quantity (inset of gure 3). The
position of the S11 band of SWNTs is another way to
trak the staking of TPP onto SWNTs. For a small
amount of TPP, the S11 band (near 1000 nm) is identi-
al to the one in the referene SWNT suspension: most
of the nanotubes are not funtionalized. This band pro-
gressively red-shifts with inreasing TPP onentration.
Above the saturation threshold (∼ 0.14 µmol), the posi-
tion of S11 reahes a plateau: most of the nanotubes are
funtionalized (grey urve in the inset of gure 3).
Importantly, the absorption amplitude of the S11 band
is almost idential in both the SWNT/TPP and the ref-
erene SWNT suspensions. This point shows that very
few nanotubes are lost in the proess. The inrease in
TPP quantity only aets the fontionalization degree of
nanotubes. This is due to the stability of mielle sus-
pensions of nanotubes. The use of suh a stable starting
material is the key for the reproduibility and ontrol of
our method, in ontrast to previous attempts where sol-
uble TPP moleules where used for both solubilization
and funtionalization of SWNTs [14℄.
Funtionalization mehanism
In view of further developments of this tehnique, a
good desription of the funtionalization mehanism is
needed. The SWNT/TPP omplex is hydrophobi and
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FIG. 3: Funtionalization in funtion of TPP quantity,
Optial absorption spetra of SWNT/TPP omplexes for dif-
ferent onentrations of porphyrin with a DCM/water volume
ratio of 34%: 0.04 µmol (light grey), 0.07 µmol (grey), 0.14
µmol (dark grey) and 0.27 µmol (blak). The urves are verti-
ally translated to math at 490 nm (bakground orretion).
Inset: Amplitude of the band at 420 nm (dashed line) and at
438 nm (blak line) in funtion of the quantity of porphyrin;
Shift of the S11 band (grey line) in funtion of the quantity
of porphyrin.
is thus expeted to stay in the organi ore of the mielles
in water suspensions. However, the formation mehanism
of suh a omplex from pre-existing SWNT mielles and
non water soluble TPP is less straightforward sine TPP
moleules have to diuse through water to reah the ore
of the mielles. We show that an organi solvent an at
as a vetor and help TPP moleules to penetrate into
the mielles. The ontrol parameter is the DCM/water
volume ratio whih drives the exhange area between the
two immisible liquids during the soniation proess. The
OAS of SWNT/TPP suspensions for various volumes of
DCM but with onstant quantity of TPP (0.14 µmol)
is displayed in gure 4 [19℄. For a DCM/water volume
ratio of ∼ 2 % no funtionalization is observed (light
grey urve in gure 4). For a volume ratio of ∼ 7%,
both the 420 nm and 438 nm Soret bands are observable
but with a weak amplitude (grey urve). For inreasing
DCM/water volume ratio up to 27% (dark grey and blak
urves), both bands rise meaning that both the staking
of porphyrin onto nanotubes and the formation of TPP
aggregates in mielles beome eient. Bearing in mind
that the quantity of TPP is kept onstant, this reveals the
entral role of DCM in the funtionalization mehanism.
Wang et al. have shown that water-immisible organi
solvents swell the mielle hydrophobi ore surrounding
the SWNT [20℄. The authors have mixed a mielle sus-
pension of nanotubes with immisible organi solvents.
The presene of the organi solvent inside the mielle is
4FIG. 4: Funtionalization mehanism, Top: Sheme of
the swelling of the mielle by the dihloromethane (blue)
leading to the funtionalization of the nanotubes (blak line)
by the porphyrin moleules (red stik). Bottom: Optial
absorption spetra of SWNT/TPP omplexes for dierent
DCM/water volume ratios, but with the same TPP mole num-
ber (0.14 µmol). Light grey: 2%, Grey: 7%, Dark grey: 13%
and Blak: 27%. Inset: Amplitude of the band at 420 nm
(dashed line) and at 438 nm (blak line) in funtion of the
DCM/water volume ratio; Shift of the S11 band (grey line) in
funtion of the DCM/water volume ratio.
investigated by means of optial spetrosopy. Typial
solvatohromi shifts are observed in the PL spetra and
interpreted as a signature of nanotubes oated by the
solvent. The organi solvent evaporates over time and
after several hours the initial optial spetra are reov-
ered showing the reversibility of the mehanism. The
solvent/water ratio in Ref.[20℄ is on the order of 50%,
lose to the one used in our studies (34%) for optimal
synthesis onditions. Therefore we an ondently ex-
tend their onlusions to our work. When mixing the
SWNT suspension with the TPP solution, DCM swells
the sodium holate mielle and therefore ats as a ve-
tor for the interation between the porphyrin moleules
and the nanotubes. This mehanism is shematially de-
pited in the upper panel of gure 4 . The starting ma-
terial is a nanotube enased in a mielle (step 1). After
addition of the DCM solution of TPP, the DCM swells
the hydrophobi ore of the mielle bringing porphyrin
moleules in ontat with the nanotube (step 2). As de-
sribed in referene [20℄, DCM rapidly evaporates : TPP
moleules stak onto the nanotubes (step 3) and the new
omplex remains in the mielle ore.
Optial absorption spetra reorded just after and sev-
eral hours after the synthesis do not show any notieable
hange. We an therefore onlude that the samples in-
vestigated in this study orrespond to step 3 of gure 4.
This mielle ore swelling by organi solvents as a
way to enhane the interation between "pi"-onjugated
moleules and nanotubes is very promising and opens
new avenues for nanotube funtionalization.
STABILITY
Spetrosopi measurements of SWNT/TPP suspen-
sions were reorded at dierent time delays (up to sev-
eral months) after the synthesis and no notieable evo-
lution ould be deteted. An important point is that
the photoluminesene (PL) signal is stable for months
(see gure S1 in Supplementary Information), whih is
the major improvement of our method ompared with
previous reports [14, 15℄. Furthermore, the PL inten-
sity of the SWNT/TPP suspension orresponding to the
emission of nanotubes is on the same order of magni-
tude as the one of the referene SWNT suspension. It is
one order of magnitude higher than for suspensions ob-
tained with the soluble TPP staking method [14℄. In
ontrast with this earlier work, this observation onrms
that our mielle-based synthesis ensures that most of the
nanotubes remain in the nal produt.
ENERGY TRANSFER
In this setion we probe the interation between the
porphyrin and the nanotube by means of photolumines-
ene experiments. The PL spetra of the SWNT refer-
ene suspension and of the SWNT/TPP suspension are
almost idential, exept that all bands are red-shifted by
nearly 20 nm as already mentionned for absorption spe-
tra.
The PLE spetrum of the referene SWNT suspension
deteted at 984 nm (gure 5, grey urve) onsists in a
broad line near 560 nm. This ouple of PL/PLE wave-
lengths or equivalently S11 and S22 energies allows us to
identify a spei hiral family namely the (6,5) family
[21℄.
The PLE spetrum of SWNT/TPP omplexes (blak
urve) strongly ontrasts with the one of the referene
SWNT suspension. The PLE spetrum shows a strong
additional line at 441 nm. This line orresponds to
the absorption of staked TPP (dashed urve). This
PLE peak is the signature of the energy transfer from
the photo-sensitized porphyrin to the nanotube [14, 15℄:
when photons are absorbed by a staked porphyrin, they
give rise to photons emitted by the nanotube (as depited
5FIG. 5: Energy transfer, Top: Sheme of the exitoni lev-
els and of the energy transfer mehanism. Bottom: PLE spe-
tra of the SWNT suspension (grey) and of the SWNT/TPP
suspension (blak) deteted at 984 nm and 1007 nm re-
spetively. Dashed line: optial absorption spetrum of the
SWNT/TPP suspension.
in the upper panel of gure 5)). The line at 580 nm is
learly the S22 line of the nanotubes. Interestingly, this
line is red-shifted of about 10 nm as ompared to the
referene SWNT suspension. This result is similar to
the shift observed for the S11 lines. Therefore we on-
lude that this eet arises from a dieletri sreening
of exitons and not from a strain-indued band-shift (as
observed for some surfatants [22, 23℄) that would result
in opposite shifts for S22 and S11 lines [24℄.
Remarkably, the amplitudes of PLE lines orrespond-
ing to porphyrin Soret band and to S22 nanotubes tran-
sitions are of the same order of magnitude. This means
that the number of photons emitted by the SWNTs is
the same when the SWNTs are exited diretly (S22 ab-
sorption) or through TPP absorption. We onlude that
the energy transfer from the photo-sensitized porphyrin
moleules to the nanotubes is very eient. Nevertheless,
further measurements are required in order to quantify
preisely the transfer quantum yield.
In onlusion, we have developed a new method for
"pi-staking" funtionalization of arbon nanotubes by
organi moleules. An organi solvent is used to swell
the mielle surrounding the nanotube and to bring the
organi moleules onto the nanotube in the ore of
the mielle. This new method allows the prodution
of ontrolled, reproduible and stable suspensions of
SWNT/TPP omplexes. These omplexes show an ef-
ient energy transfer from the photo-sensitized por-
phyrin moleules to the nanotubes onrming the po-
tentialities of this system for light-harvesting applia-
tions. This physio-hemial funtionalization method
ombines the advantages of "pi-staking" funtionaliza-
tion together with a remarkable stability of the obtained
omplexes. This is a signiant step towards saling up a
ontrolled proess and designing funtional nano-devies.
Finally, this method is neither spei to nanotubes nor
to porphyrins and an therefore be generalized to a wide
range of nano-objets and dye moleules.
Method
Preparation of SWNT/TPP suspensions: The nan-
otubes used in this study are synthesized by the Co-
MoCAT proess [25℄ and produed by SouthWest Nan-
otehnologies. The mean diameter of these tubes is
about 0.8 nm. The nanotube suspensions are prepared
by adding raw nanotubes at 0.15 mg.mL
−1
in a pH
8 Normadose buer (10
−2
M, Prolabo) plus 2 wt% of
sodium holate (Sigma-Aldrih). The mixture is soni-
ated for 1h30 with an ultrasoni tip and ultraentrifuged
at 120,000 g for 1h00. Then, the supernatant is drawn
out. It onsists in a suspension of isolated nanotubes [26℄.
Nanotubes funtionalization is ahieved by mixing the
nanotubes suspension with a solution of porphyrin in
dihloromethane (DCM). The porphyrin moleules used
in this study are tetraphenylporphyrin (TPP) puried
twie by olumn hromatography. After adding the TPP
solution to the nanotubes suspension, the mixture is son-
iated for 2 hours with an ultrasoni tip. The sam-
ple is plaed in a thermostat at 12
o
C during soniation.
The phase orresponding to DCM in exess is removed
and the sample is entrifuged at 3,000 g for 10 min-
utes. The supernatant is drawn out and a suspension
of SWNT/pophyrin omplexes is obtained.
Spetrosopi measurements: Optial absorption
spetra are reorded with a spetrophotometer (lambda
900 Perkin-Elmer). A laser diode emitting at 532 nm is
used as exitation soure for photoluminesene experi-
ments. The signal is dispersed in a spetrograph (Spe-
trapro 2300i, Roper Sienti) and deteted by an IR
CCD (OMA V, PI Aton). A UV-VIS Xe lamp and a
monohromator (Spetrapro 2150i, Roper Sienti) are
used as tunable light soure for the photoluminesene
exitation experiments.
TEM measurements: Transmission eletron mi-
rosopy (TEM) images and eletron energy loss spe-
trosopy (EELS) are reorded using a Libra200 trans-
mission eletron mirosope at an aelerating voltage
of 200 kV. A three times diluted suspension is used for
preparing deposits on TEM grids. Then, the grid is
6rinsed with water to remove the exess of sodium holate
(SC).
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